Introduction 7 115 identification of mutated genes 116 To obtain conidiation and pathogenicity-deficient mutants from 6996 T-DNA insertional lines 117 generated by AtMT, the transformants were incubated on PDA. After incubation at 24 °C for 5 days, 118 we selected transformants that showed reduced conidiation in comparison with that of the wild-type 119 by visual observation. Next, to evaluate pathogenicity in the selected transformants, conidial 120 suspensions were adjusted to 5.0×10 4 , 1×10 5 or 5.0×10 5 conidia/ml in accordance with the amount 121 of conidia, respectively, and were placed on cucumber cotyledons. The inoculated leaves were 122 incubated in a humid box at 24°C with a 16 h photoperiod for 6 days. Genomic DNA fragments 123 flanking the inserted T-DNA in selected mutants were amplified by thermal asymmetrical interlaced 124 PCR (Tail PCR) with specific primers and sequenced [28] . Palo Alto, CA). All primers used in this study are listed in Table S1 . 135 For the construction of the HPHF1B/HPHR1A and pBIcothr4F1A/pBIcothr4R1B, respectively. pBIG4MRScothr4 was 146 generated by inserting HPH into the linearized pBIG4MRSCoTHR4 vector. 147 For the construction of the CoTHR4-mCherry fusion gene plasmid (pBIG4MRSCoTHR4mC), 148 the mCherry fluorescent gene fragment (mCherry) and the pBIG4MRSCoTHR4 vector fragment 149 were amplified by PCR using the primer pairs mCherryF1B/mCherryR1A and 150 pBICoTHR4mCF1A/pBICoTHR4mCR1B, respectively. pBIG4MRSCoTHR4mC was generated by 151 inserting the mCherry gene into the linearized pBIG4MRSCoTHR4 vector. Pathogenicity assay 154 Pathogenicity assays were performed using conidia suspended in distilled water containing threonine 155 at different concentrations. Ten μl conidial suspensions (5.0×10 4 conidia/ml) were placed on 6 spots 156 per detached cucumber cotyledon, and inoculated leaves were incubated in a humid box at 24°C with 157 a 16 h photoperiod for 6 days. Cytorrhysis assay 160 For evaluation of turgor pressure within the appressorium, conidia of each strain were suspended in 1 161 mM threonine solution, and 20 μl conidial suspensions (5.0×10 4 conidia/ml) were placed on three 162 spots per coverslip. After 24 h of incubation, each sample was exposed to glycerol or PEG 6000 163 solution for 15 min. were observed using a Leica SP8 confocal laser scanning microscope equipped with a diode-pumped 174 solid state 552 nm laser; mCherry and RFP signals were detected from 600-630 nm and 590-630 nm 175 by using an SP8 hybrid detector, respectively. All images were taken using a 63×oil immersion lens. 
Results

178
Screening for mutants deficient in conidiation and pathogenicity 179 We generated 6996 transformants through large-scale insertional mutagenesis using Agrobacterium 180 tumefaciens-mediated transformation (AtMT). As a primary screening, we selected the mutants 181 whose colonies appeared to have a reduced amount of conidia by visual observation, and obtained 182 147 independent mutants. We then carried out pathogenicity assays on cucumber cotyledons using 183 136 of these mutants, because the amount of conidia was insufficient to perform the pathogenicity 184 test in 11 mutants. Finally we obtained 40 independent mutants that showed an attenuated 185 pathogenesis relative to the wild-type after two rounds of pathogenicity assays on cucumber 186 cotyledons. Genomic DNA segments adjacent to T-DNA insertion sites in the selected mutants were 187 isolated by thermal asymmetrical interlaced-polymerase chain reaction and the amplified products 188 were sequenced. Eventually, we determined T-DNA insertion sites in 17 mutant lines and identified 189 18 genes as candidates for involvement in conidiation and pathogenicity ( whereas the cothr4 mutant was unable to cause lesions, suggesting that CoTHR4 is essential for the 216 pathogenicity ( Fig 1C) . (thr4/THR4) was placed on PDA medium and incubated at 24 C for 5 days.
222
(B)
The average number of conidia in a colony of WT, thr4, and thr4/THR4 on the PDA medium 223 after 5 days incubation at 24 C. Error bars represent the means of standard errors (n = 5).
224
Asterisk represents significant difference between the wild-type and the cothr4 mutant CoTHR4-complemented transformant in SD media supplemented with 1 mM threonine (Fig 2A and 238 2B). These results indicated that threonine is essential for hyphal growth of the cothr4 mutant.
239
Because the cothr4 mutant produced only a few conidia on the PDA medium ( Fig 1B) , we next 240 investigated whether the production of conidia in the cothr4 mutant would be stimulated by 241 exogenously supplied threonine. We measured the amount of conidia produced from the cothr4 242 mutant grown on the PDA medium supplemented with threonine at different concentrations ranging PDA media ( Fig 2C) . This result also showed that threonine in concentrations up to at least 5 mM 248 has no toxic effect on conidiation in C. orbiculare. Taken together, these results suggested that 249 threonine is important for conidiation in C. orbiculare. CoTHR4 could be involved in any steps of infection-related morphogenesis, because the conidia 266 obtained from the cothr4 mutant failed to cause visible lesions on cucumber leaves ( Fig 1C) . First, 267 we tested the ability of the mutant to germinate and form appressorium on coverslips in the absence 268 of threonine using the conidia of the cothr4 mutant produced on PDA media supplemented with 269 different concentrations of threonine (see Fig 2C) . More than 90% of conidia of the wild-type and 270
CoTHR4-complemented transformant produced on all threonine-supplemented PDA media 271 germinated and formed appressoria, whereas more than 90% of conidia of the cothr4 mutant failed to 272 germinate, except for those obtained from 1 mM threonine-supplemented PDA media, whose 273 germination rate was approximately 25% (Fig 3) . These results suggested that threonine biosynthesis Next, we tested whether exogenously supplied threonine could stimulate infection-related 285 morphogenesis in the conidia of the cothr4 mutant produced on 5 mM threonine-supplemented PDA.
286
More than 85% of conidia of the cothr4 mutant germinated and formed appressoria in the presence 287 of 0.1 mM or 1 mM threonine at frequencies similar to those of the wild-type and 288
CoTHR4-complemented transformant. Taken together, these results suggested that threonine plays an 289 important role in triggering initiation of conidial germination followed by appressorium formation 290 (Fig 4) . mM threonine were inoculated onto cucumber cotyledons and the leaves were incubated for 6 days.
323
The conidia from the threonine-treated cothr4 mutant had no or weak ability to cause disease 324 symptoms even in the presence of threonine ( Fig 5A) . The results suggested that the cothr4 mutant 325 might be impaired in appressorium-mediated penetration or invasive growth in the epidermal cells, 
334
The appressorium-mediated infection requires high turgor generation and cytoskeletal 335 remodeling within the appressorium. Turgor pressure provides the mechanical force for penetration 336 into the host cuticle and cell wall. We evaluated turgor pressure in the appressoria of the cothr4 337 mutant using a cytorrhysis assay with glycerol. Interestingly, the frequency of appressorium collapse 338 was significantly lower in the cothr4 mutant than in the wild-type over any range of glycerol 339 concentrations ( Fig 6A) . In M. oryzae, an alb1 mutant that is defective in melanin biosynthesis, 340 which is necessary for turgor generation, develops inappropriate porosity in the appressorial cell wall 20 341 and thereby allows the inflow of glycerol, resulting in quick reinflation of the collapsed cell [30] .
342
Consistent with the report of an albino mutant in M. oryzae [30] , the appressoria of the 343 melanin-deficient mutant (pks1) in C. orbiculare remained intact in the cytorrhysis assay using 344 glycerol ( Fig 6A) . Therefore, we conducted a cytorrhysis assay using different concentrations of 345 polyethylene glycol 6000 (PEG 6000), which is larger than glycerol in molecular size, and monitored 346 the collapsed appressoria. The frequency of appressorium collapse was higher in the cothr4 mutant 347 than in the wild-type following 30% and 35% PEG 6000 treatment ( Fig 6B) . In the 40% PEG 348 treatment, there was no difference in the frequency of appressorium collapse between the wild-type 349 and the cothr4 mutant ( Fig 6B) . These results suggested that the appressorial turgor generation of the 350 cothr4 mutant induced by exogenous threonine treatment did not reach a level comparable to that in 351 the wild-type.
352
The cytoskeletal remodeling event that assembles F-actin rings at the base of the appressorium 353 is essential for organization of the appressorium pore where the penetration peg emerges [31-33]. To 354 monitor F-actin organization in the appressorium of the cothr4 mutant, we expressed the actin 355 filament marker Lifeact-RFP in the cothr4 mutant and the wild-type, and observed RFP signals 356 within the appressorium before emergence of the penetration peg. In the wild-type, RFP fluorescence 357 was localized to the punctate structures, which are envisaged as an F-actin assembly at the base of 358 the appressorium (Fig 6C) . Similar localization patterns were also detected in the cothr4 mutant, and 359 the frequency of appressoria accompanied with F-actin assembly signals was equivalent to that of 21 360 wild-type ( Fig 6C and 6D) . These results suggested that CoTHR4 has no effect on the cytoskeletal 361 remodeling of appressorium pores for penetration peg formation. 
393
Three independent experiments were conducted, and standard errors were indicated. Although there was no apparent interaction between threonine and intracellular signal transduction 435 factors in response to external signals, there is a possibility that cellular threonine status might be 25 436 controlled by a signal transduction factor that is instigated by the recognition of environmental 437 signals, thereby leading to induction of conidial germination.
438
The conidia produced by the threonine-treated cothr4 mutant germinated and formed appressoria 439 in the presence of threonine, but failed to form infection hyphae (Fig 5B and 5C) . The generation of 440 turgor pressure in the appressorium is a prerequisite to proceed into an entry phase, and the tuning of showed that appressoria of the cothr4 mutant induced by exogenously supplied threonine exhibited a 443 reduction in turgor generation. In C. orbiculare and M. oryzae, the melanin layer in the appressorial 444 cell wall is a semipermeable membrane that blocks the efflux of glycerol from the appressorium, 445 leading to high turgor pressure [47, 48] . We noticed that melanization in appressoria of the cothr4 446 mutant induced by exogenously supplied threonine was slightly weaker than that in the wild-type 447 (Fig 4) . We thus considered that the decrease of turgor generation in appressoria of the cothr4 mutant 448 could be due to inadequate melanization in the appressorium, although ultrastructural analysis of the 449 appressorial cell wall will be required to show an association between the two effects.
450
As described herein, the cothr4 mutant requires an exogenous supply of threonine for efficient 451 conidiation and appressorium formation. Interestingly, the appressoria of threonine-treated cothr4 452 mutant conidia were non-functional in the presence of threonine. It should be noted that wild-type 453 conidia developed functional appressoria and caused lesions on cucumber cotyledons in the presence 454 of threonine at the concentrations used in the assays for the cothr4 mutant conidia ( Fig 5) . These 
